16 years (mean 98 months). The entire hospitalization period, the postoperative duration of hospital stay, and the follow-up period, respectively, ranged from 4 to 14 days (mean 6 days), 3 to 7 days (mean 5.2 days), and 12 months to 12.6 years (mean 4.7 years). In 26 patients (86.7%) the CM-I occurred as an isolated disease, whereas in the remaining four (13.3%) it was part of a recognized bone anomaly involving the cranial base (achondroplasia). Spinal cord cavitations were demonstrated in 12 patients (40.0%).
An additional 41 children were evaluated for CM-I during the same period. Among these, 26 patients (six of whom were affected by CM-I after shunt insertion) did not undergo surgery either because they were asymptomatic when incidentally diagnosed, or their clinical manifestations were not referable to a dysfunction of posterior fossa neural structures. In most cases, neuroradiological investigation had been suggested for aspecific manifestations, such as headache, psychomotor retardation, epilepsy, and so on. Although some of these patients have been lost to follow up, most of them are still undergoing observation, and in no patient did symptoms or signs referable to a Chiari malformation develop. Another 12 children harboring a CM-I associated with syndromic craniosynostosis involving the lambdoid sutures were initially treated by means of cranial vault remodeling. Finally, three patients affected by a symptomatic post-shunt insertion CM-I underwent an enlarging bilateral parietal cranioplasty.
Results

Clinical Findings
The main clinical manifestations of the 30 children in this study are detailed in Tables 1 and 2 . The most frequent complaint was occipital and/or nuchal pain, which was present in 17 patients (56.7%), and less frequently vertigo (26.7%) and paresthesia (13.3%). The main clinical signs were upper-extremity weakness and hyperreflexia (20.0%), lower-extremity weakness and hyperreflexia (20.0%), sleep apnea (20.0%), ataxia (20.0%), nystagmus (10.0%), thermalgesic dissociation (6.7%), 11th cranial nerve deficit (6.7%), scoliosis (6.7%), and torticollis (3.3%).
Neuroimaging Investigation
A neuroimaging investigation included computed tomography scanning and MR imaging in all patients; in addition to examination of the cranial compartment, a thorough examination of the craniospinal axis was performed in each patient to identify evidence of syringomyelia or tethering of the spinal cord. All patients had a frank tonsillar herniation below the basion-opisthion line associated with narrowing or obliteration of the cisterna magna. The degree of tonsillar herniation varied from mild (3-5 mm) to moderate (5-10 mm) and severe (Ͼ 10 mm). Syringomyelia was demonstrated in 12 patients (40.0%) with a holocord extension in three, and a cervicothoracic extension in two. Syringomyelia was limited to the thoracic and cervical level in one and six cases, respectively.
Surgical Treatment
Thirty-two operations were performed in these 30 symptomatic patients. All of them underwent suboccipital craniectomy as initial treatment of their malformation; in addition to this procedure a C-1 laminectomy was performed in 21 cases. The operation consisted of a limited midline suboccipital craniectomy approximately 2.0 cm long and 2.5 cm wide. The decision whether to perform a C-1 laminectomy was based on the severity of tonsillar herniation. After bone removal, a thick fibrous band compressing the dura at the level of the foramen magnum was found and removed in all patients. When the dura appeared thickened, dural delamination (serial incisions of the outer dura layer) was performed, which resulted in a slight increase of the subarachnoid spaces at the cervicomedullary junction in 11 patients. Intraoperative ultrasonography helped determine whether CSF pathways became free after FMD. Ultrasonographic examination performed soon before decompression usually revealed poor pulsation of the cerebellar tonsils and no space between the cerebellar tonsils and the dura. After removal of the fibrous band and a linear incision of the outer dura layer, good pulsation of the cerebellar tonsils was noticed, as well as an echogenic signal indicating the presence of subarachnoid space posterior to the cerebellar tonsils. With regard to syringomyelia, no direct surgical approach was performed.
For ease of discussion, two main categories can be distinguished according to surgical treatment: patients undergoing craniectomy (and laminectomy) with (11 patients) or without (19 patients) dural tearing. There was no operative death or major morbidity.
Postoperative Course
The postoperative follow-up period ranged from 12 months to 12.6 years (mean 4.7 years) Preoperative neurological signs and symptoms disappeared in 13 patients within a few weeks following surgery. At the last follow-up visit, 28 patients exhibited a significant improvement in their clinical condition. Only two patients disclosed a recurrence of their preoperative symptoms and required reoperation. Postoperative evolution of symptoms and signs is detailed in Table 2 .
Postoperative MR Imaging Findings
All patients underwent postoperative cranial and spinal MR imaging 2 to 3 months after the operation and yearly thereafter for the first 3 years. We observed no changes from the preoperative findings during the first MR imaging session. In the long term, however, a mild reduction in tonsillar herniation was noted in three of the 30 patients (Fig.  1) . Syringomyelia, present in 12 children, markedly to moderately decreased in size in six (Fig. 2) . In contrast, postoperative deterioration of the spinal cord cavitation occurred in one patient, and the de novo appearance of a cervical syrinx in another patient was observed. Both patients underwent reoperation.
Repeated Operation
Two patients underwent reoperation. One child who had undergone suboccipital bone decompression at the age of 30 months, underwent a second operation 30 months later for recurrence of occipital headache and the de novo appearance of a cervical syrinx. At this time neuroimages demonstrated bone regrowth at the level of previous craniectomy. A repeated suboccipital craniectomy and C-l laminectomy improved the patient's clinical symptoms, although the procedures were ineffective in correcting the spine cavitation. The other patient underwent reoperation because of the increase in syrinx size, despite the fact that her clinical symptoms were stable. In this second case in which no bone regrowth was demonstrated at reoperation, the surgical procedure consisted of subpial coagulation of the tonsils and duraplasty.
Late Follow-Up Examination
At late follow-up (12 months-12.6 years; mean 4.7 years) examinations all the children maintained a stable good clinical condition, without symptoms or signs suggesting any recurrence or progression of the disease. Removal of the posterior arch of C-1 did not cause instability in any of the children based on the findings at postoperative follow-up examinations.
Discussion
Characteristics of CM-I
Chiari malformation Type I is characterized by an abnormal position (and shape) of the cerebellar tonsils, which herniate outside the cranial cavity into the upper cervical canal, associated with an obliteration of the subarachnoid spaces at the level of foramen magnum. 3, 4, 7, 28 The displacement of one or both cerebellar tonsils 3 mm or more below the basion-opsthion line represents a basic feature for the neuroimaging diagnosis of CM-I in pediatric patients. 4 Three to five millimeters of displacement is considered a borderline malformation that becomes a pathological entity in the presence of associated anomalies like syringomyelia, whereas herniation of more than 5 mm is considered a true CM-I. 
Surgical Treatment for CM-I
General agreement on the surgical treatment of CM-I remains contentious when dealing with pediatric patients. Most authors agree that the indication for surgery should depend on the presence of signs and symptoms unequivocally attributable to the malformation, 9,10,18,24 rather than on its diagnosis based on neuroimages. Nonetheless the choice of the most appropriate surgical procedure remains debatable. The aim of surgery is to decompress the posterior cranial fossa to restore CSF circulation in the basal cisterns and to relieve neural structure impact at the level of craniovertebral junction. 1, 16, 20, 23, 29 The herniated cerebellar tonsils occlude the subarachnoid spaces at the level of the foramen magnum and disturb CSF circulation both in the cranial and spinal compartments. Anomalies in CSF pressure and circulation are thought to account for the often-associated spinal cord cavitation. 16, 19, 25, 27, 29 Traditionally, surgical treatment of CM-I includes suboccipital craniectomy, C-l or C-2 laminectomy, lysis of arachnoid adherences, tonsillar resection (subpial coagulation), and duraplasty. Further surgical procedures have been used to relieve the associated spinal cord cavitation in cases of no response to treatment, such as placement of a syringosubarachnoid or syringopleural shunt. A literature review is provided in Table 3 .
Hida et al. 11 compared the results of two major surgical procedures-FMD and placement of a syringosubarachnoid shunt-used for the treatment of CM-I associated with syringomyelia in a mixed pediatric and adult population. Thirty-three patients (with a small syrinx) underwent FMD and 37 (with a large syrinx) underwent syringosubarachnoid shunt treatment. Concerning the results obtained in the FMD group, postoperative MR imaging demonstrated a reduction in the syrinx size in 94% of the cases and clinical improvement was reported in 82%; a repeated operation was performed in three of 33 patients. Two cases of postsurgical meningitis and one case of postoperative kyphosis were observed.
Dyste and Menezes 6 reported on 11 pediatric patients treated with posterior cranial fossa decompression using dissection of the arachnoid, insertion of a dural graft, and placement of a fourth ventricle-subarachnoid shunt. Two patients also underwent a transoral odontoidectomy procedure. The conditions in more than 87% of these patients improved significantly. Follow-up MR imaging performed in this group of patients revealed collapse of the hydromyelic cavity. No operative complications or deaths were reported.
Park et al. 21 reported on 68 pediatric patients, all of whom underwent suboccipital craniectomy, C-l laminectomy, and dural graft placement. Cerebellar tonsil resection was performed in 40 of them. Forty patients had syringomyelia; in 32 of these patients the operation included the placement of a fourth ventricle-cervical subarachnoid space shunt, and 23 also underwent plugging of the obex. Within the 1st postoperative month all patients exhibited improvement in their symptoms, and 93% had improvement in their signs. Postoperative MR imaging showed a decrease in the syringomyelia in 80% of the cases. The authors believed that bone and dural decompression maximized the restoration of CSF circulation at the level of the foramen magnum.
Tubbs et al. 30 reported on 130 pediatric patients who underwent suboccipital craniectomy, C-l laminectomy (one patient also underwent a C-2 laminectomy), and duraplasty in all but one of the cases. Stents extending from the fourth ventricle to the cervical subarachnoid space were placed in 26 patients. Seventy-five patients presented with syringomyelia, 22 of whom had unilateral tonsillar coagulation. Eight (36.3%) of the 22 underwent repeated operation for persisting syringomyelia. Only one patient was treated with syringopleural shunt placement. Postoperatively two patients developed extraaxial subdural collections and acute hydrocephalus; one patient developed acute life-threatening signs of brainstem compression. Improvement in the clinical symptoms was observed in 83% of the cases.
All of the aforementioned reported studies share the same traditional surgical approach that includes craniectomy, laminectomy, dural opening, and different intradural procedures. To glean definitive results from such experiences mixing several techniques is difficult.
In the pediatric population, however, the intradural manipulation-especially in cases of moderate tonsillar herniation or in the presence of mild clinical symptoms-may appear too aggressive, especially when considering the results of a less invasive surgical treatment, one of which has been reported by Isu et al. 12 These authors treated seven adult patients with syringomyelia by using suboccipital craniectomy and C1-2 laminectomy with simple delamination of the outer layer of the dura mater. Six patients exhibited improvement in their preoperative signs and symptoms, with only the condition of one patient remaining unchanged. Magnetic resonance imaging performed a few weeks after the operation showed a decrease in syrinx size in five of the seven patients, whereas in the other two a similar reduction was reported after a few months.
Genitori et al. 8 tomatic CM-I, of whom 10 had syringomyelia; all were treated with a simple bone decompression without dural opening. Improvement in or resolution of clinical symptoms was recorded in almost all the children (97.2%), with disappearance of the syringomyelic cavity in 80% of the cases.
Our data seem to confirm the hypothesis that performing the simple and limited posterior cranial fossa bone decompression, often in combination with a C-1 laminectomy, in patients with CM-I can achieve comparable results with those obtained with more invasive surgical methods. Indeed in our series the percentage of good results is similar to that reported in the literature when more aggressive surgical procedures were used. 11, 21, 30 Concerning the aspect of syringomyelic cavity reduction, the percentage of success is evidently lower than that reported when traditional procedures are performed but, in our opinion, even a moderate or no change on postoperative neuroimages may be regarded as a worthwhile result when accompanied by clinical improvement or complete recovery.
Twenty-eight (93.3%) of the 30 children in our study, 10 of whom had syringomyelia, exhibited complete resolution or significant improvement of their preoperative neurological deficits, whereas in only the two (6.7%) who required a second surgery, the condition remained unchanged. It should be noted that at least one of these negative results can be explained on the basis of a rapid bone regrowth rather than an inappropriate surgical technique. In fact complete restoration of clinical wellness could be achieved by performing again the bone decompression associated with dural delamination.
Outcomes of Our Approach
The low morbidity rate associated with the simplified approach contrasts with a significant incidence of postoperative complications reported in the literature in the case of "traditional" treatment. 2, 10, 13 The morbidity related to the procedure we used was mainly the postoperative pain that progressively subsided during the first few postoperative days; no CSF leakage was observed in patients undergoing dural delamination. The duration of hospital stay was significantly shorter in children undergoing simplified procedures (mean 6 days) than in those undergoing traditional procedures (12.5 days).
Analysis of our results gives further insights into the possible advantages of dural tearing as an adjunct to simple craniectomy. Nineteen of our 30 patients underwent only bone decompression of the craniocervical junction, whereas the remaining 11 children underwent dural delamination. In the first group 15 patients (78.9%) exhibited a significant clinical improvement, whereas in two (10.5%) only a mild improvement was noted and two underwent a second operation. Of the 11 patients in the latter group, eight (72.7%) showed a significant improvement or complete recovery of their clinical symptoms and three (27.3%) a mild improvement. Although the limited number of patients and the heterogenous distribution into two subgroups (craniectomy/ laminectomy with or without dural tearing) prevents us from obtaining comparable groups, no significant difference between the two groups is evident (p = 0.51, Fisher test).
In contrast with the good clinical outcome, the neurolog- ical improvement was less rewarding, as the anatomical features of CM-I remained almost unchanged in most cases. The posterior fossa volume was only minimally affected by the limited suboccipital craniectomy. However, minimal enlargement of the subarachnoid spaces at the craniocervical junction resulting from bone decompression was sufficient to relieve the impact on the nervous structures and to improve CSF circulation as shown by intraoperative ultrasonography and on postoperative imaging (Fig. 3) . In a few cases the tonsillar herniation improved, a finding that could support the hypothesis of arachnoid scarring as the main factor responsible for maintaining the abnormal position of cerebellar tonsils. These considerations raise the issue of the tonsil position being a useful criterion to evaluate the results of treatment of CM-I.
Improved CSF circulation resulted in marked-to-moderate reduction in the syringomyelia in six (50%) of 12 children (three with holocord extension, and three with cervical) extension, whereas in the remaining patients the syrinx size remained stable on neuroimages. On the basis of a significant improvement in these children's signs and symptoms despite the persistent syrinx on MR images, no further surgical procedure was advised to avoid even the minimal rate of risk of shunt malfunction or infection.
In our experience, suboccipital craniectomy and C-1 laminectomy, eventually integrated by dural delamination, may suffice in the treatment of symptomatic CM-I, with or without syringomyelia, probably by restoring CSF circulation across the foramen magnum. In our opinion tonsillectomy with dural opening or duraplasty should be reserved for those patients who are unresponsive to the previously described regimen, based on the persistence of clinical manifestations rather than on a mere neuroimaging basis.
Conclusions
Minimally invasive surgical management of symptomatic CM-I by posterior cranial fossa decompression without dural opening can achieve a good clinical outcome, even without a corresponding improvement seen on postoperative neuroimages. Likewise, the clinical outcome of patients with syringomyelia is good, and a reduction in spinal cavitation is seen on MR images in up to 50% of cases. Furthermore, such a less invasive surgical approach is devoid of the severe complications that can result from more aggressive operations, namely postoperative cerebellar slump and acute hydrocephalus.
